Catheters for paediatric endotracheal suction were studied using an artificial lung with compliances in the range encountered in paediatric practice.
INTRODUCTION
Tracheal intubation prevents effective coughing. If blockage of the endotracheal tube is to be prevented secretions must be removed. Endotracheal suction may result in atelectasis and hypoxia, the conditions one is attempting to prevent (Berman and Stahl1968, Brandstater and Muallem 1969 , Hempelmann et al. 1971 , Nunn et al. 1965 .
Recommendations suggested for preventing hypoxia include:
(1) Limiting suction duration to a maximum of 15 seconds (Fell and Cheney 1971) .
(2) Provision of a side arm or hole in the proximal end of the catheter to limit suction pressure during insertion of the catheter (Rosen and Hillard 1960) . (3) Appropriate choice of catheter, endotracheal tube and connector size (Rosen and Hillard 1960) . (4) The use of a double lumen suction catheter in which oxygen is blown down one lumen while suction is applied througll the other (Berman and Stahl 1968 ).
(5) Manual hyperinflation of the lungs with oxygen before and after each episode of suction (Fell and Cheney 1971, Boutros 1970 ). (6) Limiting the suction pressure applied to the catheter. The Bntish Standards Institution (1967) recommends minimum values for suction pressure and air displacement during anaesthetic suction. A wall suction regulator with pressure manometer is advised. The different requirements for oropharyngeal suction and endotracheal suction are not clearly defined and a negative pressure limit for endotracheal suction is not specified. Mainland (1970) recommends a suction limit of 150 mm Hg for tracheostomy. This study was undertaken to assess, in relation to neonates and small children, (a) the negative pressure likely to occur in the trachea during suction, (b) whether the use of a side arm or hole effectively limits the negative pressure in the trachea during insertion of the catheter, (c) the effect of different combinations of endotracheal tube, connector and catheter size on air flow between catheter and endotracheal tube, and (d) whether a limit on the suction pressure applied to the catheter is desirable and practical.
Three types of suction catheters were studied (Figure 1) .
Catheter a (Argyle, Sherwood Medical Industries Inc., St. Louis, :\10., USA.) is tapered so that external diameter varies from I .,~ mm /SUCTION REGULA,OR / I at the tip to 4·5 mm close to the marker. To eliminate variations of external diameter catheter internal diameter connector' all studies with these catheters were made with the tip protruding 1·0 cm from the end of fulllength endotracheal tubes (Portex blue line, Portex Ltd., Hythe, Kent, England). An oval side hole (6 x4 mm) is provided for limiting suction pressure. Sizes available are French gauges 5 and 8. Catheter b (Portex Ltd., Hythe, Kent, England) is not tapered and has a side arm (8 x3 mm internal diameter). Sizes available are French gauges 5 and 6.
Catheter c (Pharma-Plast Australia Ptr. Ltd.) is similar to b, but has a smaller side arm (4' 0 mm internal diameter Figure 2 ). The catheter was tested at a suction pressure limit of 100, 200 and 400 mm Hg below atmospheric. Suction pressure was regulated and measured using a Venturi wall suction regulator (High suction regulator, H. I. Clements Pty. Ltd., Sydney). The negative pressure limit was set by occluding the interconnecting plastic tubing (8' 0 mm internal diameter) and adjusting the regulator to produce the desired maximum negative pressure. Air flow through the catheter was measured using a Fleisch pneumotachograph (Fleisch, Godart/ Statham, Holland) size 0, 00 or 000 with a differential strain gauge UPI (Ether Ltd., Stevenage, Herts., England).
The size of pneumotachograph used was determined by the flow rate being measured and the range of the pneumotachograph.
Each pneumotachograph was calibrated thus: Air was sucked through the pneumotachograph in series with an accurate Parkinson Cowan gas meter. Flow measured by the gas meter was averaged over five minutes. The flow and the pressure differential recorded by the strain gauge were used to construct a calibration curve. Measurements were made over the range of flows recorded during the experiments. The calibration curve remained linear to the lower limits of flow measured. The differential strain gauge was calibrated initially against a column of water and thereafter electricallv. In all experiments maximum stable fl~ws were recorded.
Experiment lb: A ir flow through modified
c catheters Type c catheters were modified to reduce air flow through the catheter with the side arm open. The side arm was replaced with a large (13 x3 mm) side hole. In each case control values were obtained before the catheters were modified.
Experiment 2: Use of catheters under simulated clinical conditions
Air flow down the endotracheal tube between tube and suction catheter and "tracheal" pressure were recorded with the endotracheal tube attached to an artificial lung ( Figure 3 ). The endotracheal connector was firmly inserted into one end of a T-piece. A suction catheter was wedged into the other end and passed through the endotracheal connector and tube. The endotracheal connector protruding from the end of the T-piece was inserted into a length of plastic tubing whose other end was attached to the artificial lung. The latter plastic tubing (" trachea") was broken by a V-junction to which a pressure transducer was attached to measure "tracheal" pressure.
A pneumotachograph was fitted to the inlet arm of the T-piece and air flow down the endotracheal tube, between catheter and tube, was measured as air flow through this inlet arm. Resistance to air flow through the inlet arm was 0·25 cm H 2 0/I/min at a flow rate of 5 ·31/min.
The artificial lung consisted of eight 500 ml glass bottles filled with copper wool sealed and connected together in parallel. The compliance could be varied by altering the number of bottles in the system. The apparatus was. tested for leaks by extracting a volume of air and ensuring a stable negative pressure.
Negative pressure compliance curves for the " lung", with different numbers of bottles in the system, were constructed. Measured volumes of air were extracted with an accurate 100 ml syringe, and the subatmospheric pressure recorded. Volume extracted for any negative pressure could then be calculated. Volume extracted from the " lung" was derived in this way. "Tracheal" pressure was measured with a Statham P23Dc pressure transducer calibrated initially against a column of water, and thereafter electrically. The limit of accuracy stated by the manufacturer with this transducer is 54·4 cm Hp subatmospheric pressure. Maximum stable negative pres.sures in the " trachea" were recorded. All recordings were made with a Grass Model 7 Polygraph (Grass Instrument Co., Quincy, Mass., U.S.A.) in an air-conditioned room. Several combinations of endotracheal tube sizes (unmodified in length), connectors (Port ex Ltd., Hythe, Kent, England) and compliances were studied. Experiment 3: Negative pressure required to keep a column of egg or water moving through each catheter To assess the feasibility of removing lung secretions with limited suction pressure, the negative pressure required to keep a column of mixed raw egg moving through each catheter was measured. The catheter tip was placed into the egg, and the suction pressure increased until a slowly moving column of egg was proceeding through the catheter. The tUbing 
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connecting catheter to wall suction regulator was disconnected from the catheter, occluded, and the suction pressure recorded from the regulator manometer. Raw egg has a consistency similar to lung secretions and has been previously used by Rosen and Hillard (1960) .
RESULTS
The performance of the high suction wall regulator is shown in Figure 4 . The Venturi wall suction complies with British Standard No. 4199 (1967) .
Experiment la
Flow through open catheters is shDwn in Table l .
Side arm open. Flow was least through b catheters (0'3 llmin or less) and greatest with c catheters ( Figure 5 ). The c catheters produced flows as high as l'9ljmin with size 8 and a suction limit of 400 mm Hg. 
Experiment 2: Use of catheters under simulated clinical conditions (Tables 3-6 ) Side arm open. The negative "tracheal" pressure was least with catheter b. These pressures were small except for the combination of a 4·0 mm endotracheal tube, size 8 catheter (types a and c) and small endotracheal connector ;, The Degative pressure was greatly reduced by using a larger connector (Table 6) .
Side arm occluded. Catheters band c, size 5, had similar results. Catheter b, size 6, generated larger negative "tracheal" pressures than the corresponding catheter c ( Figure 6 ). This was most pronounced with a rel?tively small endotracheal connector (Tables 4, 5 and 6). The greater negative " tracheal" pressure produced a corresponding increase in air flow between catheter and endotracheal tube.
Catheter a always produced the largest negative " tracheal" pressure. Figures of 50 cm H 2 0 or greater were frequent. The larger negative tracheal pressure was not associated with a corresponding increase in air flow between catheter and endotracheal tube. With a size 5 catheter, 2 ·5-3·5 mm connector and 3·0 mm tube (Table 4) , more than ten times the negative" tracheal" pressure was generated, with less than double the flow between catheter and endotracheal tube being achieved. Relatively small endotracheal connectors resulted in larger negative " tracheal" pressures ( Figure 6 ). Doubling the suction pressure limit applied to the catheter approximately doubled the negative pressure in the" trachea" (Figure 6) . The relationship is approximately linear. Altering the compliance of the "lung" made little difference to the "tracheal" pressure. The time taken to generate maximum stable negative "tracheal" pressures is shown in Table 7 . 
Experiment 3
The suction pressures required to suck raw egg or water through each catheter are shown in Ta limiting the suction pressure in paediatric practice, for the resistance to air flow offered bv the side arm is sufficiently lower than that offered by the catheter. The side arm of c catheters does not increase in diameter with increasing size of catheter, and the same results may not be obtained in adult sizes. The larger diameter catheter may offer less resistance than the side arm, and adult c catheters may need a larger side arm. The effect of a large side hole has been demonstrated ( Table 2) .
The important factor determining flow through the catheter is its internal diameter (Rosen and HIllard 1960) . Catheter a produced unacceptahly high negative "tracheal" pressures. Anaesthesia and Intensive Care, Vol. If, No. 2, May, 1974 Two factors are suggested:
(1) The higher flow through the catheter at a given suction pressure limit (Table 1 ).
(2) The greater ratio of external diameter catheter internal diameter connEctor'
Both are related to the taper of the catheter (Table 9 ). The second factor could be improved by shortening the endotracheal tube. The endotracheal tubes were not shortened in this study because it is the policy in our paediatric unit to use nasotracheal tubes and to secure the full-length tube to the head (Van Vliet, Fisk and Gupta 1971) . The flow through catheter b, size 6, with side arm occluded, was greater than through catheter c (Table 1) .
Although the external diameter of the two catheters is identical, b has a thinner wall and greater internal diameter. This catheter should therefore be used with less suction pressure. t External diameter at connector site 3·0 mm.
:j: Catheter tip protruding 1· 0 cm beyond end of fulllength Portcx blue line tubes.
The negative pressure generated in the trachea is related to the suctiop pr('s~urp applied to the catheter. It is de,irable to limit the maximum pressure applied, and 100 mm Hg seems suitable (Table 8) , except with c catheters . . size 5. A limit of 200 mm Hg would be required with this catheter. These limits do not seem to have been applied in clinical practice to date.
It would not be extravagant to recommend that all intensive care units have two suction outlets (:\Iainland 1970) . For oropharyngeal suction, a high suction ({:500 mm Hg). high flow ({:40 ljmin) system should be available. A separate outlet for endotracheal suction, thoracic suction and drainage of body cavities is needed. A suction regulator incorporating a pressure gauge is essential, and interchangeable wall suction regulators are available to meet these special requirements.
Regulators for paediatric endotracheal suction should limit maximum suction to 200 mm Hg. The time required to generate maximum negative " tracheal" pressures is well within the range likely to be encountered in clinical practice (Table 7) . Rosen and Hillard (1960) mention that the endotracheal connector may be the smallest diameter of the artificial airway. Results here emphasize the need for using the largest connector possible. The earlier dark blue Portex connectors used in this study should be discarded since they have small internal diameters (Table 9 ). The new light blue Pvrtex connectors have thinner walls and greater Anaesthesia and Intensive Care, Vol. H. No. 2, May, 1974 internal diameters. We would agree with Rosen and Hillard (1960) that, if the suction catheter has an outside diameter of not more than 50 per cent of the diameter of the narrowest part of the airway, large negative pressures in the trachea are avoided. Ratios of up to 60 per cent are probably allowable (Figure 7) . The tapered design of catheter a is umafe. If the catheter is inserted too far down the endotracheal tube, total occlusion of the connector lumen will occur. The suction pressure applied to the catheter may then be applied directly to the lung.
The "tracheal" pressures recorded are the maximum stable negative pressures likely under each set of circumstances. When secretions enter the catheter, the negative tracheal pressure will be less, and, if a plug of mucus completely obstructs the lumen of the catheter, the negative tracheal pressure will fall to zero. The greatest danger occurs if there is no return of secretions. If the suction pressure is unlimited, the presence et secretions in the catheter provides the only safety mechanism. We think it is desirable to provide the added safety of limited maximum suction pressure; for this will reduce the risk of hypoxia associated with endotracheal suction. However, other general principles mentioned in the introduction must be followed. CONCLUSIONS l. A side arm or hole in the suction catheter is effective in limiting the negative airway pressure during insertion of the catheter.
2. The negative pressure applied to the suction catheter should be limited. A limit of 100 mm Hg for all catheters except type c, size 5, is suggested. The wall suction regulator should prevent subatmospheric pressures of greater than 200 mm Hg being generated.
3. The largest possible endotracheal connector should be usen. "1. Tapered endotracheal suction catheters are dangerous.
5. Enlarging the side arm of adult c catheters IS worthy of further study.
